that the added resistance of a mini-Wright peak flowmeter decreases peak expiratory flow (PEF) by ϳ8% compared with PEF measured by a pneumotachograph. To explore the reason for this, 10 healthy men (mean age 43 yr, range 33-58 yr) were examined in a body plethysmograph with facilities to measure mouth flow vs. expired volume as well as the change in thoracic gas volume (Vb) and alveolar pressure (PA). The subjects performed forced vital capacity maneuvers through orifices of different sizes and also a mini-Wright peak flowmeter. PEF with the meter and other added resistances were achieved when flow reached the perimeter of the flow-Vb curves. The mini-Wright PEF meter decreased PEF from 11.4 Ϯ 1.5 to 10.3 Ϯ 1.4 (SD) l/s (P Ͻ 0.001), PA increased from 6.7 Ϯ 1.9 to 9.3 Ϯ 2.7 kPa (P Ͻ 0.001), an increase equal to the pressure drop across the meter, and caused Vb at PEF to decrease by 0.24 Ϯ 0.09 liter (P Ͻ 0.001). We conclude that PEF obtained with an added resistance like a mini-Wright PEF meter is a wave-speed-determined maximal flow, but the added resistance causes gas compression because of increased PA at PEF. Therefore, Vb at PEF and, accordingly, PEF decrease. peak flow-determining factors; thoracic gas compression; added expiratory resistance IT HAS RECENTLY BEEN SHOWN that the added resistance of a mini-Wright peak flowmeter decreases peak expiratory flow (PEF) by ϳ8% compared with PEF measured by a pneumotachograph (8). Furthermore, there is evidence that PEF is determined by the wave-speed flow-limiting mechanism in most healthy and probably also asthmatic subjects (6). Fry and Hyatt (3) observed that an added resistance shifts the isovolume pressureflow curves to the right. The alveolar pressure at PEF must therefore be increased by adding the pressure drop across the PEF meter. The total pressure necessary to reach a given PEF may therefore be so large that it cannot be achieved even with maximum effort. The purpose of this study is to determine whether the decrease in PEF is because of insufficient driving pressure or to increased alveolar pressure, causing decreased thoracic gas volume at PEF (5) and thereby lowering the wave-speed-determined maximal flow.
IT HAS RECENTLY BEEN SHOWN that the added resistance of a mini-Wright peak flowmeter decreases peak expiratory flow (PEF) by ϳ8% compared with PEF measured by a pneumotachograph (8) . Furthermore, there is evidence that PEF is determined by the wave-speed flow-limiting mechanism in most healthy and probably also asthmatic subjects (6) . Fry and Hyatt (3) observed that an added resistance shifts the isovolume pressureflow curves to the right. The alveolar pressure at PEF must therefore be increased by adding the pressure drop across the PEF meter. The total pressure necessary to reach a given PEF may therefore be so large that it cannot be achieved even with maximum effort. The purpose of this study is to determine whether the decrease in PEF is because of insufficient driving pressure or to increased alveolar pressure, causing decreased thoracic gas volume at PEF (5) and thereby lowering the wave-speed-determined maximal flow.
MATERIALS AND METHODS
Equipment. We used a pressure-corrected flow body plethysmograph consisting of a 500-liter modified mercury plethysmograph (Glasgow, Scotland). Box pressure was measured across a 64-cm 2 single layer 400-mesh screen in the wall of the plethysmograph by use of a Validyne MP45 transducer with a Ϯ0.2-kPa membrane to provide box flow. Mouth flow was measured by use of an unheated Fleisch-type pneumotachograph with a diameter of 5 cm, normally used by Vitalograph Compact (Buckingham, UK). The pressure across the pneumotachograph head was measured by another similar Validyne transducer. The pneumotachograph head was provided with a conical inlet containing a wire screen and was tested as described previously (7) Calibration was performed in the following manner. By use of a calibration device delivering 7.89 liters during an explosive decompression (7), flow entered the box via the mouth pneumotachograph, which during calibration was inverted so that the flow was in the expiratory direction. The delivered flow continued through the box and out of the screen. Damping of the box flow because of the capacitance of the air in the box was corrected for by adding a signal proportional to the first derivative of box pressure vs. time to the pressure signal used in the box-flow recording (10) . Box flow was displayed against mouth flow, and the correction was adjusted so that a closed loop was obtained. Box flow was matched to mouth flow by using a third-degree polynomial, making the reading of the box flow identical to that of the mouth flow during the calibration procedure. Electronic and thermal drift were carefully corrected for before each subsequent measurement.
Determination of alveolar pressure. Because of compression of the alveolar air during forced expiration, the amount of air leaving the box through the mouth pneumotachograph will be less than the amount entering the box via the screen, which changes during the expiration, the difference being ⌬V. With the assumption of isothermal conditions, alveolar pressure can be determined by application of Boyle's law
where PA is alveolar pressure, PB is barometric pressure, PH 2 O is the pressure of saturated water vapor at 37°C, TLC is the total lung capacity from which the expiration starts, and Vb is the volume entering the box during the expiration. This equation is essentially the same as was applied by Ingram and Schilder (5) and Zamel et al. (11) . Validation of pressure measurements. A servo-controlled calibration pump recently developed at the University of Birmingham was placed in the plethysmograph. An artificial flow profile was delivered by the pump with a PEF of 9.99 l/s, time from 10 to 90% PEF of 30 ms, and dwell time of flow Ͼ90% PEF of 20 ms. The pump expired through stiff tubing (3.5 cm 2 internal diameter), a slide valve with orifices of different sizes, and the mouth pneumotachograph. With no extra resistance the pressure drop across the mouthpiece assembly depended on flow (V ) as described by the equation P ϭ 0.0148(V ) 1 .57 kPa (r 2 ϭ 0.9996, RSD ϭ 2.1%). Alternatively, an encased mini-Wright PEF meter could replace the slide valve and be used as an added resistance. This increased the pressure across the mouthpiece assembly to 0.189(V ) 1.11 kPa (r 2 ϭ 0.9996, RSD ϭ 1.4%). The volume reduction in the pump because of expiration and compression of air was replaced by air entering the box via the screen. ''Alveolar'' pressure was directly measured in the pump by using a Validyne transducer with a Ϯ20-kPa diaphragm and sampled in the same way as the mouth and box flow measurements, after calibration with a mercury manometer at 10 kPa. Measured alveolar pressure at PEF was compared with alveolar pressure calculated from Eq. 1 and multiplied by 1.4 to account for adiabatic conditions in the pump. This was done with and without the added resistances described above.
Subjects and measurements. We examined 10 healthy male subjects (two smokers), mean age 43 yr (range 31-58 yr), mean height 178 cm (range 172-185 cm). By using a conventional plethysmographic technique (9), the TLC was first determined. Still seated in the plethysmograph, the subjects performed at least three satisfactory forced vital capacity (FVC) blows, as done with the servo pump, through orifices of different sizes and an encased mini-Wright PEF meter. Baseline spirometry was evaluated according to European standards (9) . The BTPS factor was determined for the first six subjects as FVC measured by the box after relaxation of the expiratory muscles divided by FVC m .
Statistics. The on-line calculated data were evaluated by use of the SPSS/PC statistical package (Norusis, Chicago, IL). Because of the effect of gas compression on the flow-volume curve obtained at the mouth (5), we decided to use the mean values from the three satisfactory blows from each subject instead of applying any special selection criteria (9) . Mean flow-volume curves and pressure-volume curves for all subjects were constructed for blows with the different added resistances. Paired differences were analyzed by t-tests, and the overall differences between orifices were analyzed by analysis of variance. P Յ 0.05 was considered significant.
RESULTS

Test of calibration.
PEF for the mouth flow calibration was 18.97 Ϯ 0.19 (SD) l/s (n ϭ 10), and for the corrected box flow calibration it was 18.73 Ϯ 0.94 l/s. The time from 10 to 90% of PEF m was 51 Ϯ 8 ms, and that of the corrected box flow was 54 Ϯ 9 ms. The facts that the loop could be closed and that the rise times recorded are close to the lower fifth percentile of rise times in a population study (7) indicate that the frequency response was adequate. Validation of the pressure measurements by using the servo-controlled calibration pump showed that the maximum error of derived pressure was an underestimate at the highest pressure (highest resistance) of 0.4 kPa. The percentage of absolute error was generally Ͻ3%.
Subject data. Table 1 describes baseline data for the individual subjects. Deviation from predicted values is described by standardized residuals (SRD) by using predicted values from the European standard (9) . Although perfectly healthy, subject 10 has a PEF equal to 1.64 RSD below the predicted value, which is considered borderline abnormal (9) . All other values were within normal limits.
Flow-volume and pressure-volume curves. From 105 measurements in 6 subjects, the BTPS correction factor was determined to be 1.07 Ϯ 0.04 (mean Ϯ SD). This mean value was used to correct all the mouth flows. Figure 1 shows mean mouth flows for all 10 subjects through the different added resistances plotted against expired volume (%FVC m ). It is seen that the PEF meter has almost the same effect as the 13-mm orifice. The peaks of curves obtained with added resistances appear to be inside the perimeter of the flow-volume curves. Paired comparisons of peak flows with added resistances on the one hand, and interpolated values on the curve with no added resistance on the other, however, showed no significant deviation for orifice 1 and the PEF meter, borderline significant difference for orifice 2 (P ϭ 0.07), and significant deviation for orifice 3 (P ϭ 0.01).
Figure 2 similarly shows mean mouth flows plotted against thoracic gas volume change (%FVC b ). The peaks appear closer to the perimeter. Only the peak for orifice 3 is different from the perimeter (P ϭ 0.05). Figure 3 shows mouth flow vs. alveolar pressure. Increased resistance causes PEF m to decrease and alveolar pressure at PEF to increase systematically. Table 2 shows that the PEF entering the box (i.e., PEF b ) is considerably larger than PEF m but that it also decreases with increasing resistance. The rise time to PEF m increases with increasing resistance, but the rise time to PEF b remains unchanged. This indicates an increasing time lag between box flow and mouth flow.
Addition of the PEF meter influences the flow at the mouth so that PEF m decreases, mouth volume expired at PEF m increases, thoracic volume displaced at PEF m increases, rise time to PEF m increases, and alveolar pressure at PEF m increases. It is remarkable that flow, and accordingly volume, measured by the box is not significantly influenced by the PEF meter. The PEF meter causes the alveolar pressure at PEF m to increase by 2.6 Ϯ 1.3 kPa, a value that is not different from the pressure drop across the PEF meter, determined by separate experiments to be 1.9 Ϯ 0.3 kPa for the same values of PEF m (P ϭ 0.12). The increase in alveolar pressure causes thoracic gas volume at PEF m to decrease by 0.24 Ϯ 0.09 liter (P Ͻ 0.001).
DISCUSSION
Although plethysmographic determination of alveolar pressure is not a new method, it has not been thoroughly evaluated for determination of rapid pressure events. The initial calibration and tuning of the box applied explosive decompression, delivering ϳ19 l/s, which is the same as the mean PEF b in Table 2 . The rise time of the calibration signal was ϳ55 ms and was also comparable to the means of the subjects shown in Table 2 . Because the linearity of the mouth pneumotachograph on a previous occasion had been found to be linear up to at least 16 l/s, we believe that linearity as well as frequency response was adequate for the study performed. We found it very important that box flow during calibration was identical to mouth flow and that this could be ensured by matching the two flows by use of a third-degree polynomial.
To further test the algorithm for calculation of alveolar pressure, we used a demanding flow profile to run a servo-controlled calibration pump installed in the plethysmograph. Although the input from this pump remained uninfluenced by increasing outflow resistance, this was not true for the output flow measured by the mouth pneumotachograph. For the smallest orifice tested with the pump (5.5 mm), PEF m fell to 3.0 l/s and the rise time increased to 116 ms. At a given pressure, flow cannot exceed that determined by the pressureflow characteristics of the resistor. The difference between the input flow generated by the piston and mouth flow is the rate of gas compression in the pump. This compression accounts for the delay of PEF m compared with PEF b , increasing with resistance. The servocontrolled pump did not provide data about the validity Table 2 for details. Table 2 for details.
of the box-derived alveolar pressure for all pressure and flow combinations in the experiment, but it served to demonstrate that, in principle, correct pressures can be derived. The experiments support that this is the case. We assumed adiabatic conditions in the pump. When measurements are made in subjects, the heat dissipation is efficient and the conditions are isothermal, as discussed by Zamel et al. (11) . Assuming isothermal conditions, they found good agreement between measured esophageal pressure and derived alveolar pressure during forced expirations in subjects with use of the plethysmograph.
There were several similarities between results obtained by using the pump and those obtained in the subjects. The thoracic flow profile, like the input flow profile of the pump, changed little with increased outflow resistance. Rise times to PEF b were not influenced in either instance, but the load caused PEF b to decrease in the human subjects without use of the pump. In subjects both with and without use of the pump, rise time to PEF m increased with resistance, causing an increased time lag between PEF m and PEF b . There was no flow limitation in the pump because it had no airways that could be dynamically compressed. Therefore, pressure-flow curves comparable to those in Fig. 3 were closed loops, with pressure and flow in phase and maximum flow at maximum pressure. The fact that pressure continued to increase as flow fell after PEF m was reached (Fig. 3) indicates that PEF m was achieved with most of the added resistors when wave-speed flow limitation occurred somewhere in the airway (6) .
The decrease in mouth flow with increasing alveolar pressure is probably secondary to the concomitant decrease in lung volume and therefore does not give information about force-velocity properties of the respiratory muscles, which, however, can be obtained from a similar plot of box flow vs. alveolar pressure. Hyatt and Flath (4) were not aware of this distinction and used both plots to express force-velocity properties of the muscles.
A decreased PEF due to the added resistance of a PEF meter could be because of a decreased driving pressure across the airways upstream from the resistor. This does not seem to be the case, because the alveolar pressure at PEF increases by an amount equal to the pressure across the resistor; i.e., the respiratory muscles are able to cope with this added resistance.
The higher alveolar pressure, however, causes the thoracic gas volume to decrease because of compression. PEF with the PEF meter is lower but still on the envelope of the flow-volume curve showing mouth flow vs. thoracic gas volume change. This indicates that PEF with the flowmeter is determined by the wavespeed flow-limiting mechanism, as indicated in a previous study (6) .
According to the theory of flow limitation at wave speed (2), the maximum flow will decrease when the elastic recoil of the lung decreases, when the crosssectional area at the flow-determining site decreases, when the airway compliance therein increases, and when the pressure loss upstream increases. Among these factors, we believe that the decreased PEF with the PEF meter is primarily because of decreased lung elastic recoil pressure caused by compression of the thoracic gas volume. This, in combination with increased upstream pressure loss due to decreased lung volume, decreases the distending pressure at the flowdetermining site and, accordingly, the cross-sectional area. This causes a smaller wave-speed flow and accordingly a smaller PEF. Similar arguments would hold also for orifice 2, which has a considerably larger resistance. In 1957, Campbell et al. (1) determined esophageal pressure at PEF, to distinguish between mechanisms of airway obstruction in emphysema and asthma. In three normal subjects, they found a mean PEF of 10.6 l/s, a value not different from our mean value, and the corresponding mean esophageal pressure, which they called ''the maximum effective intrathoracic pressure,'' was 5.6 kPa. If an estimated elastic recoil pressure of 1-2 kPa is added to their esophageal pressure, the calculated alveolar pressure at PEF for their data of 6-7 kPa would not be different from our mean value of 6.7 kPa (Table 2) . They also demonstrated curves in which the pressure increases considerably after PEF was reached. This can be taken as evidence of flow limitation at PEF.
We have only examined healthy normal men but believe that the same mechanisms are operating in women and patients with airway obstruction. In five Values are means Ϯ SD; n ϭ 10 subjects. PEF m , PEF measured at mouth; PEF b , peak of flow entering box (PEF of thoracic volume displacement); ANOVA, analysis of variance; NS, not significant. emphysematous subjects with a mean PEF of 2.3 l/s, Campbell et al. found a mean maximum effective intrathoracic pressure of only 1.8 kPa. This indicates that because of flow limitation, these patients can only use a fraction of the expiratory pressure to generate PEF. A lower alveolar pressure at PEF will diminish gas compression in the lungs of emphysematous patients, but this is counterbalanced by an increased thoracic gas volume, giving more compression for the same increase in alveolar pressure. A previous study (8) indicates that the resistance of a mini-Wright meter decreases PEF almost proportionally to PEF. A study similar to the present one, using patients with emphysema and chronic airflow limitation, would help to clarify the mechanism.
We conclude that PEF, when recorded with a peak flowmeter that imposes an added resistance to expiration, is smaller than PEF obtained by using a lowresistance pneumotachograph. The added resistance of the PEF meter causes an increased alveolar pressure at PEF, which leads to more thoracic gas compression, so the lungs are at a lower lung volume when PEF is achieved. Therefore, the decrease in PEF can be explained in accordance with the wave-speed theory of flow limitation. These findings have implications for the interpretation of PEF and stress the importance of standardization of peak flowmeter resistance to optimize comparison of PEF obtained with different types of PEF meters.
